The pulmonary vasoconstrictor response to the unilateral administration of 7% oxygen was studied in 10 anaesthetized dogs in which the lungs were mechanically ventilated. The distribution of blood flow between the two lungs was measured continuously by recording the radioactivity in the mixed expired gas from each lung during the infusion i. v. of xenon-133. Infusions of nitroglycerine and sodium nitroprusside which produced the same decrease in mean aortic pressure produced similar decreases in hypoxic pulmonary vasoconstriction. The reduction in arterial Po 2 during unilateral hypoxia was greater when the hypoxic vasoconstrictor response was depressed by drugs than it was during the control periods, although mixed venous Po 2 was unchanged. It is concluded that both drugs may cause hypoxaemia by increasing the blood flow to alveoli with a low ventilation/perfusion ratio.
Sodium nitroprusside (SNP) and nitroglycerine (NG) are used to treat arterial hypertension in patients undergoing coronary artery bypass surgery. However, both drugs reduce arterial oxygen tension (Wildsmith, Drummond and MacRae, 1975; Seltzer, Doto and Jacoby, 1976; Kopman et al., 1978) . There appear to be three possible mechanisms which could decrease Pa Oj . First, the drug might produce a reduction in venous return caused by dilatation of capacitance vessels and so decrease cardiac output and mixed venous Po 2 (-Pv"o 2 )-1° th e presence of areas of lung with a low ventilation/perfusion ratio, the reduction in P^o l would cause a reduction in Pa Ol even though the proportion of blood flowing through such areas was unchanged (Sykes, Young and Robinson, 1965) . A second explanation is that the drug might cause pulmonary vasodilatation and decrease pulmonary artery pressure. If there were underventilated alveoli in the dependent zones of the lung, the reduction in pulmonary artery pressure might decrease the flow to the normally ventilated portions of the lung and so increase the proportion of blood flowing through the underventilated alveoli even though the absolute flow through such alveoli was unchanged 'Present address, for correspondence: Nuffield Department of Anaesthetics, The Radcliffe Infirmary, Oxford. 0007-0912/81/010011-08 $01.00 (Colley and Cheney, 1977; Colley, Cheney and Butler, 1977) . The third possibility is that the proportion of blood flowing through underventilated lung zones might be increased by a drug-induced depression of the hypoxic vasoconstrictor mechanism which normally diverts flow away from areas of lung with a low alveolar Po 2 (Hughes, 1975) .
Studies in dogs indicate that SNP may depress this mechanism (Colley, Cheney and Hlastala, 1979; Hill, Sykes and Reyes, 1979) . The present experiments were designed to compare the effects of NG and SNP on the pulmonary vasoconstrictor response to unilateral alveolar hypoxia.
METHODS
The experiments were performed on 10 dogs of varied breed (weight 16-24 kg). They were anaesthetized with thiopentone 20-30 mg kg"
supplemented by increments of pentobarbitone to a total of 20mgkg~I. The animals were placed supine in a V-shaped trough and the lungs ventilated mechanically. Pancuronium 2-A mg was injected at intervals to ensure no spontaneous respiratory activity. These three drugs have been shown to have no effect on the hypoxic vasoconstrictor response. Cannulae were inserted to the femoral vessels for pressure recording, blood sampling, dye injection and withdrawal, and infusion of xenon-133. Two catheters, one of the Swan-Ganz type, were passed into the pulmonary artery for blood sampling and simultaneous recording of pulmonary artery (P PA ) and pulmonary wedge pressures (P PAW ) and a separate i.v. infusion line was established for fluid and drug administration. Tracheotomy was performed and a double-lumen tracheal divider passed (Seed and Sykes, 1972) . After inflation of the cuff, accurate placement of the tube was checked by measurements of the tidal volume issuing from each lung. The absence of leaks was demonstrated by pressurizing each lung to + 3.0kPa whilst the opposite limb of the tube was connected to a tube placed under water. Each limb of the tube was then connected to a separate nonrebreathing valve and second-stage ventilator circuit which could be driven by the main ventilator at I5b.p.m. . The tidal volume to each lung was adjusted to produce equal end-tidal carbon dioxide concentrations of 4-4.5% and then kept constant during the experiment.
The distribution of pulmonary blood flow between the two lungs was measured continuously by infusing xenon-133 dissolved in 50-100 ml of normal saline at a rate of l-2mCih~' using a Braun continuous infusion pump. Approximately 95% of the xenon was evolved to the alveoli during its passage through the lungs and then washed out by the tidal ventilation.
The expired gas from each lung was passed through a fan-assisted mixing unit and the mixed expired gas then circulated through a glass coil situated within the collimator of a scintillation detector. The output from each detector was processed to yield a continuous record of the radioactivity issuing from each lung. Since tidal volumes were initially matched to the blood flow to each lung, the initial ratio of right/left (R/L) radioactivity was 1. When hypoxic vasoconstriction was induced in the left lung by ventilating it with hypoxic gas mixture, the radioactivity on that side decreased and the radioactivity on the opposite side increased. This caused an increased R/L ratio of radioactivity which reflected the magnitude of diversion of blood flow away from the hypoxic lung (Sykes, Hill et al., 1977) . In this study, the percentage diversion was calculated from the equation:
where C, = mean counts from both lungs during bilateral ventilation with oxygen; C R , C L -counts from right and left lungs during unilateral hypoxia. Vascular and airway pressures were monitored continuously with Consolidated Dynamics strain gauges and a Devices M 19 heated stylus recorder. Oesophageal temperature was monitored with a thermistor probe and body temperature maintained at 37 ± 1 °C.
Cardiac output was determined in triplicate with indocyanine green dye using a calibrated Gilford system, the curves being analysed by the method of Simons and White (1976) . Blood-gas tensions and pH measurements were made on two separate electrode systems (Radiometer ABL1 and the standard Radiometer system) which were calibrated with previously analysed gases and repeatedly checked with tonometered blood samples (Sykes et al., 1970; Selman and Tait, 1976) .
The right lung was ventilated throughout with pure oxygen. The left lung was initially ventilated with oxygen and the hypoxic vasoconstrictor response elicited by switching the ventilating gas mixture to 7% oxygen in nitrogen. This gas mixture yields alveolar oxygen tensions in the mixed venous range.
The initial measurements of xenon count, cardiac output, vascular and airway pressures, end-tidal carbon dioxide concentration and bloodgases were made 20-30 min after stable conditions had been achieved with both lungs ventilated with oxygen. The ventilating gas to the left lung was then changed to 7% oxygen and a second set of measurements made 10-15 min later when vascular pressures and xenon counts were stable. Both lungs were again ventilated with oxygen and an infusion of the drug started. The dose rate was adjusted to produce a mean arterial pressure of 105-110 mm Hg, the lowest that could usually be achieved with NG, and a third set of measurements was made 10 min later. The drug infusion was continued and the left lung switched to 7% oxygen, the fourth set of measurements being made when conditions had stabilized after a further 10-15 min. The drug was then discontinued and both lungs ventilated with oxygen until the pressures had returned to preexisting values. A fifth set of measurements on bilateral oxygen was made 30-40 min after discontinuing the drug and a sixth set 10-15 min after again ventilating the left lung with 7% oxygen. The fifth and sixth sets of measurements also served as control measurements for the second drug which was administered in a manner similar to the first. Hypoxic responses were obtained during the period of administration of the second drug and 30-40 min after withdrawing the drug. The order in which the SNP and NG were administered was varied in a random manner so that five animals received SNP as the first drug and five animals NG first. The results were subjected to an analysis of variance followed by t tests where indicated. The statistical analysis compared the effects of each drug with the controls before and after administration of the drug and also tested for the effect of time and sequence of drug administration. The drugs used in these studies were SNP (Roche) 0.01% (mean dose 9.1 mg, range 6.7-50 mg) and NG (Arnar-Stone Laboratories Inc.) 0.1% (mean dose 17.5 mg, range 10-40 mg).
RESULTS

Control periods
The three sets of control values (C,, C 2 , and C 3 ) on bilateral oxygen and unilateral hypoxia were grouped according to the sequence in which they were obtained. During bilateral ventilation with oxygen the only measurement which changed significantly during the experiment was PfXwThis increased from 2.6 mm Hg at C, to 4.6 mm Hg at C 3 .
Unilateral ventilation with 7% oxygen resulted in significant reductions in Pa Ol , Pv O2 and left lung end-tidal carbon dioxide concentration CQJ and a significant increase in FE' CO , in the right (oxygenated) lung (table I) . However, it produced no significant change in cardiac output, vascular and airway pressures, P*co*> base excess or haemoglobin concentration. Unilateral hypoxia reduced the proportion of blood flowing to the hypoxic lung, the magnitude of this response increasing with time.
Effect of drugs
The variables measured during the period of drug administration were compared with the means of the control values obtained before and after the infusion (table II) .
During bilateral oxygen ventilation, NG produced significant reductions in cardiac output (£)), mean aortic pressure (P^o), Pfl and Pf^. During the same conditions, SNP produced significant decreases in P^, Pf^ and Pf^j; and a significant increase in heart rate (HR). There were no significant changes in-any of the other measured variables.
P A&> ^"PAW and ^ao 2 were significantly reduced during unilateral hypoxia and NG administration compared with the means of the before and after control values during unilateral hypoxia. SNP produced significant reductions in P^, Pf^ and Pa o , and a significant increase in HR compared with the means of unilateral hypoxia control measurements. During unilateral hypoxia, both drugs produced a similar degree of depression of the pulmonary vasoconstrictor response to alveolar hypoxia (table III) . However, .Pa o , during unilateral hypoxia was significantly less during SNP administration than during infusion of NG. This was probably because of the slightly greater inhibition of the hypoxic vasoconstrictor response by SNP.
DISCUSSION
The study demonstrates that when NG and SNP were infused at dose rates which produced equal reductions in mean aortic pressure they produced similar degrees of depression of the pulmonary vasoconstrictor response to alveolar hypoxia. However, the slightly increased inhibition of the response by SNP produced a significantly greater reduction in arterial Po 2 during unilateral hypoxia, although the mean values of mixed venous Po 2 were the same. These results were confirmed by the changes in end-tidal carbon dioxide which normally reflect changes in blood flow.
The unilateral ventilation hypoxia model used in this study may be criticized because it does not exactly simulate the underventilated or atelectatic areas of the lung.
The first criticism is that the alveolar Po 2 (P& Ol ) values during ventilation hypoxia might not be comparable to those in an underventilated area of lung. End-tidal gas samples and sampling of blood from the pulmonary veins draining a lung or lobe ventilated with 7-9% oxygen have confirmed that this gas mixture produces PA O] values in the range 5-6 kPa when pulmonary vasoconstriction is established and alveolar Pco 2 iS reduced. The second criticism is that the maintenance of constant ventilation when blood flow is reduced by alveolar hypoxia results in a reduction in PAQQŵ hereas P/LCO 2 is normally increased in an underventilated area of lung. Since a reduction in P\co 2 decreases the magnitude of the response to hypoxia, the greater reduction in PA COI during the control periods would have tended to minimize the differences between the control hypoxic responses and those recorded during the period of drug administration. It is therefore likely that the decrease in pulmonary vasoconstriction recorded in the present experiments underestimated the effect of the drug. Other experiments have demonstrated that the maintenance of constant end-tidal Pco 2 values does not alter the qualitative results (Sykes et al., 1975; Hurtig, Tait and Sykes, 1977) .
The third criticism is that regional lung volume and tidal volume are maintained at normal values. It is not known how hypoxic vasoconstriction varies with lung volume, but it is now believed that most of the reduction in blood flow in atelectatic lungs is a result of hypoxic pulmonary vasoconstriction. This can be reversed by drug administration (Barer, 1966; Benumof, 1979) . It seems unlikely, therefore, that the use of ventilation hypoxia will affect the qualitative effect produced by the drugs.
The model has a number of advantages. First, factors which may affect the pulmonary circulation, such as changes in pulmonary vascular pressures, acid-base balance and temperature, are applied equally to both lungs. Airway pressures are closely controlled and both cardiovascular and respiratory variables can be monitored during the experiment. Second, the radio-isotope method of measuring flow is accurate, utilizes relatively little radioactivity and provides a continuous measurement of blood flow (Sykes, Hill et al., 1977) . This enables the response to be monitored visually so that other measurements can be correctly synchronized with the peak response. It is believed that the advantages outweigh the disadvantages and that this model provides a satisfactory method of studying the problem.
The decreased vasoconstriction in the hypoxic lung observed during the period of drug administration could have been produced by a generalized reduction in pulmonary vascular tone or by an inhibition of the pulmonary vasoconstrictor response to alveolar hypoxia. In the present experiments both drugs produced a small increase in pulmonary vascular resistance. However, both P PA and P PAW decreased, so that the apparent increase in resistance could have been caused by a reduction in the cross-sectional area of the perfused vascular bed. Mentzer and Nolan (1977a) demonstrated that NG caused vasodilatation in a left lower lobe perfusion preparation in new-born puppies and Kaplan, Dunbar and Jones (1976) found that infusion at a mean dose rate of 0.96 ugkg" 1 min" 1 reduced pulmonary vascular resistance in patients undergoing open-heart surgery. Since alveolar oxygen tensions were normal or increased during these studies, it seems reasonable to conclude that the drug can act as a pulmonary vasodilator. There is also evidence that SNP may produce pulmonary vasodilatation. For example, Stinson and others (1975) found that SNP reduced pulmonary vascular resistance in patients after openheart surgery. However, Mentzer and Nolan (1977b) , Colley, Cheney and Hlastala (1979) , and Hill, found no evidence of decreased pulmonary vascular resistance in dogs.
If a drug produces vasodilatation by reducing wall tension in the pulmonary arterioles, the effect will depend on the radius of the vessel. According to the Laplace relationship, P = 2zjR, a given reduction in wall tension should produce a proportionally larger increase in radius when the vessel is constricted than when it is dilated. The administration of a vasodilator drug might therefore result in redistribution of flow towards the previously vasoconstxicted vascular bed.
There is, however, increasing evidence which indicates that many drugs have a direct action on the hypoxic vasoconstrictor mechanism. For example, in isolated lungs perfused at constant flow, drugs such as ether and trichloroethylene inhibit the pressor response to alveolar hypoxia without altering pulmonary vascular tone (Sykes et al., 1973; Hurtig, Tait and Sykes, 1977) . Similar results have been obtained in the intact animal (Sykes et al., 1975; Sykes, Hurtig et al., 1977) . Inhibition can also be produced by calcium antagonists (McMurtry et al., 1976) and by carbon monoxide (Miller and Hales, 1978) . Furthermore, both pulmonary vaso-constrictor and -dilator drugs inhibit hypoxic pulmonary vasoconstriction. For example, dopamine is a pulmonary vasoconstrictor and isoprenaline is a vasodilator, yet dose rates which are equipotent in terms of their inotropic effect produce similar degrees of inhibition of the pulmonary vasoconstrictor response to hypoxia (Marin et al., 1979) . * Areas with a low PA O , are unlikely to exist in normal lungs, so it is not surprising that many of the drugs which are known to inhibit the pulmonary vasoconstrictor response do not produce hypoxaemia in animals or patients when the lungs are normal (Stone, Khambatta and ( Matteo, 1976; Colley, Cheney and Hlastala, 1979) . The unchanged Fa o , values on bilateral oxygen found in this study provide further confirmation that there is no increase in intrapulmonary shunt in normal lungs. However, depression of the pulmonary vasoconstrictor mechanism is probably an important cause of hypoxaemia in i patients with severe ventilation/perfusion ratio abnormalities, particularly if collapse is present (Barer, 1966; Benumof, 1979) . The effect will be accentuated if Pv o , is simultaneously reduced by an imbalance between cardiac output and tissue oxygen consumpiton.
Hypoxic pulmonary vasoconstriction is depressed by a number of other factors, some of which t may be particularly relevant to the patient with cardiac disease. For example, Benumof and Wahrenbrock (1975) and Scanlon and others (1978) have claimed that the response is diminished by high vascular pressures, whilst Hauge (1969) and Benumof and Wahrenbrock (1977) found that it was inhibited by hypothermia. Both * these conditions may be found in patients undergoing cardiac surgery.
It is concluded that since NG and SNP appear to produce arterial hypoxaemia by depressing the hypoxic pulmonary vasoconstrictor response, their administration should be accompanied by oxygen enrichment of the inspired gases and careful monitoring of Pa 0 ,.
DEPRESSION DE LA VASOCONSTRICTION PULMONAIRE HYPOXIQUE PAR LE NITRO-PRUSSIATE DE SOUDE ET LA NITROGLYCERINE
RESUME
La reaction vasoconstrictrice pulmonaire a radministration unilaterale de 7% d'oxygene a etc etudiee sur 10 chiens anesthesies, dont les poumons ctaient ventiles mecaniquement. La repartition du debit sanguin entre les deux poumons a ete mesuree continuellement par enregistrement de la radioactivite des melanges de gaz expires de chaque poumon pendant la perfusion intravcineuse de xenon-133. Les perfusions de nitroglycerine et de nitroprussiate de soude qui produisent la meme diminution de la pression aortique moyenne ont provoque des diminutions similaires dans la vasoconstriction pulmonaire hypoxique. La reduction de la Po 2 arteriellc pendant l'hypoxie unilaterale a ete plus forte lorsque la reaction vasoconstrictrice hypoxique a ete deprimee par des medicaments, qu'elle ne l'avait ete pendant les periodes de controle, bien quc la Po 2 veineuse melangce soit demeuree sans changement. On en a conclu que les deux medicaments pcuvent provoquer l'hypoxemie en augmcntant le debit sanguin allant aux alveoles avec un faible rapport ventilation/perfusion. 
SUMARIO
La respuesta vasoconstrictora pulmonar a la administration unilateral de 7% de oxigeno se estudio en 10 perros anestesiados en los que los pulmones se vennlaron por medios mecanicos. 'La distribucion del flujo sanguinco entre los dos pulmones se midio continuamente mediante el rcgistro de la radioactividad cxistcnte en el gas mczclado de espiracion proccdente de cada uno de los pulmones, durante la infusion intravenoso de xenon-133. Las infusiones de nitroglioerina y de nitroprusiato de sodio que produjeron la misma disminucion en la presion aortica media produjeron, asi mismo, disminuciones similares en la vasoconstriccion hipoxica pulmonar. La reduction del Po 2 arterial durante la hipoxia unilateral fue mayor cuando la rcspuesta hipoxica vasoconstrictora sc rcdujo mediante drogas de lo que fue durante los periodos dc control, aunque el Po 2 mezclado de caracter venoso permanecio inalterado. La conclusion es, por lo tanto, que ambas drogas pucden ocasionar hipoxemia al incrcmentar el flujo sanguineo al alveolo con una baja relation de ventilation/perfusion.
